Abstract In this paper, a one-dimensional plasma fluid model is employed to study the selfsustained oscillations in DC-driven helium glow discharges at atmospheric pressure under different gas gaps. Our simulation results indicate that a harmonic current oscillation with tiny amplitude always occur at the onset of instability and transits into a relaxation one as the conductivity of the semiconductor is decreased. It is found that the dynamics of the oscillations are dependent on the gas gaps. The discharge can only exhibit a simple oscillation with unique amplitude and frequency at smaller gas gaps (<2 mm) while it can exhibit a more complex oscillation with several different amplitudes and frequencies at larger gas gaps (>2 mm). The discharge modes in these current oscillations have also been analyzed.
Introduction
Atmospheric pressure non-equilibrium plasmas have received increasing attention due to their numerous potential applications, such as surface treatment and biomedical sterilization [1−4] . The atmospheric pressure direct current (DC) glow discharge is the simplest source for producing non-equilibrium plasma. Several DC plasma sources have been developed during the past decade [5−8] . One of the classical problems of DC glow discharge physics is the study of the formation of a temporal current oscillation [9] . Considerable efforts have been made to understand this phenomenon under low pressure operating conditions. It is observed that self-excited oscillations occur in the subnormal glow discharge region between the Townsend and the normal glow modes in low pressure plasmas. Current understanding is that the formation of these oscillations in low-pressure plasmas is attributed to the plasma-sheath instability [10] . This instability can be caused either by the strong dependence of the ionization coefficient and the secondary electron emission coefficient on the electric field or by the interaction between an ion and the surface charge induced by it at the bounding electrodes [11, 12] . The shape of the oscillations depends on the ratio of time scales between the delay of voltage feedback and the ion transit time from the anode to the cathode, as well as the value of the products of gas pressure and gas distance. These oscillations are affected by external electric circuits. There are many regimes of oscillations that can be identified. Recently, Liu et al. found several oscillations with multiple frequencies, as well as chaotic behavior, in DC glow discharge under atmospheric pressure operating conditions [13] . In contrast to low pressure plasmas, a few works have provided an insight into and discussed the formation mechanisms of oscillations in atmospheric pressure plasmas. Many fundamental physical processes are unknown and should be clarified.
In this paper we employ a self-consistent onedimensional fluid model to investigate the formation process of oscillations in atmospheric pressure glow discharges under different gas gaps. The transition between different modes is investigated and distinguished.
Simulation model
The parallel plane semiconductor-gas discharge system used in our simulation is shown in Fig. 1 . It consists of a thin discharge gap and a thin semiconductor cathode serving simultaneously as a ballast resistance, which is spatially distributed in the direction lateral to the current. A gas gap with thickness d g is under discharge in pure helium at atmospheric pressure. The semiconductor has a thickness of d s =1 mm and the rel-ative permittivity is 7.6. The conductivity σ s of the semiconductor can be varied in experiments due to the intrinsic photo-effect by changing the external illumination intensity [14] . The anode is connected to a DC power supply and the cathode is grounded. Assuming that the discharge characteristics are uniform in the transversal direction, a one-dimensional discharge model is employed in this paper. The gas discharge is modeled by continuity equations of two charged species, namely electrons and positive ions:
where n, Γ, and S are the charged particle number density, flux, and source function, respectively. Subscripts i, e represent the ions and electrons, respectively. With the drift-diffusion approximation, the flux term is given by:
where D, µ, and E are the charged species diffusivity, mobility, and electric field, respectively. The negative sign is used for electrons while the positive sign is applied for positive ions. In the source term, only the direct electron impact ionization and electron-ion recombination in the gas gap is considered. For the sake of simplicity, the electric field is calculated by solving the current conservation equation instead of the Poisson's equation related to the space charge density. In the gas gap, the current conservation equation is written as
where i c , i 0 , and ε 0 are the conduction current density, the total current density, and the permittivity of vacuum, respectively. In the semiconductor, the current conservation equation is written as
where i sc = σ s U s /d s and ε r are the conduction current density in the semiconductor and the relative permittivity of the semiconductor, respectively. Here, U s is the voltage drop on the semiconductor. It has been confirmed that the current conservation equation can give rise to the same electric filed distribution as that solved directly from the Poisson's equation as long as the initial conditions of the space charge and the electric filed satisfy the Poisson's equation [15] . This technique was successfully used to study the dynamics of dielectric barrier glow discharge at atmospheric pressure [16−18] . The expression of i 0 (t) can be obtained by integrating Eq. (3) between the two electrodes:
where U g and U are discharge voltage and applied voltage, respectively. The surface charge q on the semiconductor resulting from charged particles striking the wall has the form of
where the parameter τ = ε r ε 0 /σ s is the Maxwell relaxation time of the semiconductor. The external circuit equation can be written as
where R s = d s /σ s is the resistance of the semiconductor. The remaining governing equation, chemistry model, and boundary conditions are the same as those in Ref. [13] . In our simulation, Eqs. (1) and (2) are discretized and solved by a semi-implicit Scharftter-Gummel scheme in order to overcome the constraint in the integration time step [19] . The whole computational domain is divided into uniform grids. The space step is 2 µm and the time step is 1 ns. The initial electron and ion densities in the gas are considered to be uniform at 10 7 cm −3 .
Results and discussions
The simulations are performed for different gas gaps to study the excitation of various types of oscillations and discharge modes, as well as their transitions.
Oscillations with unique amplitude
The applied voltage and the gas gap are fixed at 1000 V and 1 mm, respectively. Fig. 2 (a) and (b) show the current evolutions of stable and unstable DC discharges, respectively. When the conductivity of semiconductor is high enough, the surface charge can be transferred quickly because of the short Maxwell relaxation time, and the DC discharge is thus stable against external perturbation. As shown in Fig. 2(a) , the perturbations gradually decay to zero in the stable DC discharge and the current has a constant value of 5.29 mA/cm 2 in this case. It should be noted that the larger the conductivity of the semiconductor, the faster the perturbations will decay. The current decreases but the gas voltage increases as the conductivity is decreased. i.e., the discharge exhibits a voltagecurrent (V -I) characteristics with negative differential resistance. When the conductivity is decreased below a critical value (1.02×10 −6 (Ω cm) −1 ), the stationary discharge becomes unstable and transits into a harmonic low-amplitude oscillation state with its own characteristic frequency. Fig. 2(b) gives an example of this type of discharges. One can see that there is an increasing stage in the forming process of the oscillations. The duration of this increasing stage is dependent on the deviation from the onset of instability. The closer that the conductivity is to the critical value, the longer the increasing stage will last. (Ω cm) −1 ), the shape of the oscillations is a perfect sinusoidal structure, as shown in Fig. 3(a) . This harmonic mode should be the characteristic mode of the discharge, which is caused by the discharge instability. From Fig. 3(c) one can see that the characteristic frequency f 0 is about 886 kHz under these conditions. In our previous work [13] , we studied the discharge mode of this harmonic oscillatory discharge and found that it always operated in the subnormal glow mode during the whole period of the oscillation. With the decrease of the conductivity, both the amplitude and the period of the current oscillation increase substantially and the oscillation shape becomes gradually relaxed, as shown in Fig. 3(b) . As can be seen from the Fourier spectrum ( Fig. 3(d) ), higher order modes (nf 0 , n = 2, 3, 4...) also exist in the discharge.
The formation of the relaxation oscillation should be attributed to the surface charge, which has an exponentially decaying dynamics. According to the Maxwell relaxation time τ = ε r ε 0 /σ s , we define the Maxell relaxation frequency as f s ≡ 1/τ = σ s /(ε r ε 0 ), which is directly proportional to the conductivity. Fig. 4 plots the Maxwell relaxation frequency f s and the characteristic frequency f 0 as a function of the semiconductor conductivity. It is found that the characteristic frequency is also directly proportional to the conductivity. Moreover, the Maxwell relaxation frequency is 1.7 times that of the characteristic frequency, i.e., f s = 1.7f 0 . , and the spatial distributions of electron density, ion density, as well as electric field at the current peak of the oscillation in Fig. 3(b) and (c)
In order to demonstrate the discharge mode of this relaxation oscillation, the spatial-temporal profiles of electron density and ion density during one period of current oscillation are plotted in Fig. 5(a) and (b) . It can be seen that both electron and ion densities vary periodically between their maximum and minimum values as the current oscillates. When the current reaches its maximum, both the electrons and ions reach their maximum value of several 10 10 cm −3 . The maximum of ion density locates near the cathode while electron density has its maximum value at the middle of the gas gap. To further confirm the mode of the relaxation oscillation, we plot in Fig. 5(c) the spatial distributions of the electric field, ion and electron densities when the current reaches its maximum. The electric field is strong near the cathode. This is the result of a significant space charge effect that distorts the electric field profile and is a clear indication of the discharge being a subnormal glow discharge and not a Townsend discharge. This conclusion is verified by the plasma characteristics that a cathode sheath and an anode layer are constructed but no positive column is presented. After the discharge pulse, the current decreases to almost zero and the particle densities decrease quickly to its small values of the order of 10 8 cm −3 . These charged particle densities are too small to disturb the electric field. Therefore, we can conclude that the discharge is operated in a Townsend mode at the lowest current. In other words, the discharge jumps quickly from Townsend mode (lowcurrent) to subnormal glow mode (high-current) during a short time of current rise and then exponentially decays back to the Townsend mode in a whole period of relaxation oscillation.
Oscillations with multiple amplitudes
As discussed above, when the gas gap is very narrow there is only one amplitude of the oscillation, no matter what type of oscillation structure. However, as the gas gap increases, the discharge can transit into a complex oscillation with several different amplitudes, as well as frequencies. Fig. 6 presents an example of transition processes of the abovementioned phenomena for the case of 2 mm gas gap and 1100 V applied voltage. The decrease of semiconductor conductivity results in a discharge mode transition from a stable DC discharge to a sinusoidal oscillation mode, similar to the case of smaller gas gap as described in the above section. The fundamental frequency in this case is f 0 = 294.8 kHz for the conductivity σ s = 4.5 × 10 −7 (Ω cm) −1 , as shown in Fig. 6(a) . The corresponding relation between the discharge current and the gas gap voltage is given in Fig. 6 (e). One can see that only one closed loop exists in the phase space. A further decrease of conductivity results in the formation of current oscillation with two different amplitudes. A representative example of the time series of the discharge current and its corresponding trajectories in the voltage-current phase space are, respectively, given in Fig. 6 (b) and (f) for the conductivity of σ s = 3.5 × 10 −7 (Ω cm) −1 . This oscillation with two different current peaks is clearly indicated in two different loops in the phase space. The difference between these two amplitudes is small at the onset, and gradually increases with decreasing conductivity. It should be noted that the characteristic frequency here is f 0 = 212 kHz while the discharge currents with both large and small amplitude oscillate with the frequency of f 1 = f 0 /2 = 106 kHz, which is half of the fundamental frequency. This can be seen from the corresponding Fourier-Transform power spectrum of the current oscillation, which is shown in Fig. 7(a) . The power ratio between these two modes is about 11.36. In addition to these two modes, there are several higher order modes existing in the oscillation, such as 3f 0 /2, 2f 0 , 5f 0 /2 and so on. These modes are a consequence of the formation of a relaxation type of oscillations, as described above. The forming mechanism of this current oscillation with two frequencies can be explained as follows. As the conductivity is decreased, the amplitude of the current oscillation increases. The subnormal glow discharge will transit into a normal glow discharge when the current peak exceeds a critical value. Meanwhile, the surface charge increases because of the large current, and results in a longer time needed for the discharge to be re-ignited. Therefore, another oscillation with larger current and small frequency arises.
In order to clarify the discharge modes of these two current oscillations and confirm the hypothesis about the forming mechanism of the new mode f 1 , the spatialtemporal profiles of electron density, ion densities, as well as electric field are plotted in Fig. 7(b)-(d) . It is clear that the discharges have distinctive features during the high and the low current pulses. One can see that the discharge has similar distributions of plasma parameters to that in Fig. 5 , which is operated in Townsend discharge. In contrast, the discharge during the high current pulse is in a typical glow mode because three distinct regions, namely, the cathode fall region, the negative glow, and the positive column region, can be identified from the cathode to the anode in the phase of current peak. In the cathode fall region, ion density is larger than electron density in orders of magnitudes, and the electric field is distorted significantly in this cathode-adjacent region caused by space charges. In the positive column region, ion density and electron density are almost the same and the electric field remains a small constant value, as shown in Fig. 7(d) . Therefore, we can conclude that the current oscillation with high and low current peaks is the consequence of the discharge operating alternately in the normal glow mode and the subnormal glow mode. It is found that the presence of a normal glow discharge will suppress the primary sub-normal glow discharge. The current pulse corresponding to the subnormal glow discharge becomes increasingly smaller as the high current pulse is increased. This should be caused by the large numbers of electrons created in the preceding glow discharge. When the low current pulse is decreased to a critical value, a complex oscillation with randomly changed amplitude appears, as shown in Fig. 6(c) . The corresponding trajectory in the current-voltage phase space in Fig. 6(g) indicates that the system seems to have reached a chaotic state. When the conductivity is decreased below the value of 2.1 × 10 −7 (Ω cm) −1 , the current pulses with lower current peak disappears and only the current pulses that operate in the normal glow discharge have survived. Fig. 6(d) and (h) show an example of this type of oscillation and its corresponding trajectories in phase space with a conductivity of 1.0 × 10 −7 (Ω cm) −1 . It has a similar time evolution to that shown in Fig. 3(b) . The only difference between them is that the discharge at the current peak in Fig. 6(d) is a normal glow discharge while that in Fig. 3(b) is a sub-normal glow discharge. Fig. 8 plots the characteristic frequency f 0 of oscillation as a function of conductivity. In order to compare this with the Maxwell relaxation frequency f s , a calculated frequency f = f s /3.4 is also plotted. It is obvious that this curve can be divided into two parts. For conductivity below 2.1 × 10 −7 (Ω cm) −1 , the discharge operates in the single current peak mode, and its characteristic frequency is consistent with the calculated frequency f = f s /3.4. This indicates that the oscillation mode is determined by the external circuit through the variation of surface charge. It is interesting to note that this characteristic frequency is about f 0 = f s /1.7 in the case of a 1 mm gas gap. For conductivity above 2.1 × 10 −7 (Ω cm) −1 , oscillations with multiple current peaks occur. In this case, the characteristic mode interacts with other oscillation modes and results in a deviation of the characteristic frequency from the calculated one, as shown in Fig. 8 .
In Fig. 9 we give the current oscillations with different conductivities for the case of 5 mm gas gap and 2000 V applied voltage. Similar to that discussed above, the DC discharge destabilizes when the conductivity is decreased to a certain value, and gives rise to a current oscillation with a sinusoidal shape, as shown in Fig. 9(a) . This oscillation undergoes a secondary instability and transits into a new type of oscillation involving a larger current pulse with several smaller current pulses, as shown in Fig. 9(b) . Fig.8 Characteristic frequency of the current oscillation and the calculated frequency as a function of semiconductor conductivity in the case of a 2 mm gas gap
The corresponding FFT and the spatial-temporal distributions of plasma parameters of this current oscillation are shown in Fig. 10 . As can be seen, the discharge operates in a normal glow discharge mode during the largest (first) current peak. The time interval between two successive largest current pulses is 100 µs, which corresponds to mode f 1 in Fig. 10(a) . The fundamental frequency is f 0 = 103 kHz in this case. The discharges with smaller current pulses only slightly affect the dominant glow discharge, as can be seen from in Fig. 10(b)-(d) , in which the distributions of plasma parameters retain their primary feature, even in the smaller current pulses. The number of these smaller current pulses decreases as the dominant glow discharge is enhanced. Finally, only the glow discharge is presented and only the current oscillation with the largest peak has survived, as shown in Fig. 9(d) .
The multiple pulsed current phenomena in Fig. 9 (b) and (c) are reminiscent of that in a barrier discharge driven by an AC supply [20] . There are some similarities between these two current oscillations. For example, they both occur in the discharge region with negative differential resistance. The first current pulse has the largest value and corresponds to the breakdown and the formation of the cathode fall and the subsequent current pulses reflect oscillations of the cathode fall. Nevertheless, the current oscillations in our work have some specific features. The most striking one is the variation of the amplitude of the current pulses. From Fig. 9(b) , one can see that the amplitude of the current pulses firstly increases and then decreases, except for the first current pulse. However, the amplitude of the current pulses in the AC driven barrier discharge decrease monotonously from the first pulse to the last pulse [20] . It should be noted that the results presented above were obtained under the assumption that the heating of the semiconductor is not taken into account. In fact, the heating that comes from the discharge current and the illumination on the semiconductor would decrease the semiconductor conductivity and lead to a shift of the instability region of the discharge. In experiments, this heating effect should be overcome. For example, one can use liquid nitrogen as the coolant of the setup.
Another assumption used in our work, there are only two charged particles (electron and atomic ions of helium He + ) in our model, is also not quite correct, especially when the discharge operates at atmospheric pressure. Metastable helium atoms and other excited helium species as well as their corresponding chemistry should be taken into account. Nevertheless, the simplified approach used here is capable of capturing the main features of the current oscillation and reflecting the physical essence of the processes during the oscillation. Quantitative comparison between numerical simulations and experimental results will be done in the future.
Conclusions
In this paper, a one-dimensional self-consistent discharge model is employed to investigate the oscillation phenomena in atmospheric pressure DC glow discharges under different gas gaps. It is found that the discharge always destabilizes in the sub-normal glow region and gives rise to a current oscillation with a perfect sinusoidal structure. At smaller gas gaps (<2 mm), this harmonic oscillation gradually transits into a relaxation one, which operates periodically in the sub-normal glow mode and Townsend mode, as the conductivity is decreased. At larger gas gaps (> 2 mm), this harmonic oscillation can transit into a complex oscillation with several different amplitudes, as well as frequencies. It is found that the discharge can operate in different modes at different current peaks.
